By performing a comprehensive study on 1832 segments of 1212 complete genomes of viruses, we show that in viral genomes the hairpin structures of thermodynamically predicted RNA secondary structures are more abundant than expected under a simple random null hypothesis. The detected hairpin structures of RNA secondary structures are present both in coding and in noncoding regions for the four groups of viruses categorized as dsDNA, dsRNA, ssDNA and ssRNA. For all groups hairpin structures of RNA secondary structures are detected more frequently than expected for a random null hypothesis in noncoding rather than in coding regions. However, potential RNA secondary structures are also present in coding regions of dsDNA group. In fact we detect evolutionary conserved RNA secondary structures in conserved coding and noncoding regions of a large set of complete genomes of dsDNA herpesviruses.
By performing a comprehensive study on 1832 segments of 1212 complete genomes of viruses, we show that in viral genomes the hairpin structures of thermodynamically predicted RNA secondary structures are more abundant than expected under a simple random null hypothesis. The detected hairpin structures of RNA secondary structures are present both in coding and in noncoding regions for the four groups of viruses categorized as dsDNA, dsRNA, ssDNA and ssRNA. For all groups hairpin structures of RNA secondary structures are detected more frequently than expected for a random null hypothesis in noncoding rather than in coding regions. However, potential RNA secondary structures are also present in coding regions of dsDNA group. In fact we detect evolutionary conserved RNA secondary structures in conserved coding and noncoding regions of a large set of complete genomes of dsDNA herpesviruses. 
I. INTRODUCTION
In recent years the discovery of the regulatory role of short RNA sequences has changed the view about the biological role of RNA in living organisms [1] . For a long time it was assumed that RNA had only an ancillary role in protein synthesis. Today biologists know several regulatory mechanisms fully controlled by RNA short sequences [2] often characterized by a typical secondary structure presenting a certain number of hairpin structures. A RNA hairpin structure is a secondary structure where a double stranded region of a single stranded RNA is formed by base-pairing between complementary base sequence on the same strand.
RNA regulatory secondary structures have been detected in almost all living organisms ranging from viruses to Homo sapiens. The earlier discoveries of their regulatory role have been performed in model organisms such as the little worm C. elegans [3] and in studies of the interaction between plants and viruses [4] .
Small noncoding RNA regulatory sequences are often characterized by the presence of hairpin structures. Hairpin structures have been investigated in quite different organims with a variety of methods. Examples of these studies can be found in Ref.s [5, 6, 7, 8, 9, 10, 11, 12, 13, 14] In this paper we detect candidate RNA secondary structures which are characterized by a minimal value of the free energy of the strucure in the folded state. In a first investigation the free energy is estimated by using Mfold, which is a reference software for the estimation of the free energy of RNA secondary structures. The free energy of the folded RNA structure is compared with the one numerically observed for a random RNA sequence obtained by shuffling the base pairs of the real one. This first investigation has been performed in a large set of 1212 complete genomes of viruses. We have chosen to perform a comprehensive investigate of these organisms because viruses present a variety of genomic structures and organization and there are indications that small RNA structures play important antiviral roles in plants and insects. Although the details about interactions between viruses and the host silencing RNA machinery remain poorly understood there is a mounting evidence that RNA motifs may play a crucial role in different aspects of the viral life-cycle. Results about the biological role of RNA secondary structures in different regions of different families of viruses are known only for a limited set of specific viruses with a focus on their coding regions [15, 16, 17] . It is therefore useful to perform a comprehensive investigation covering a large number of the complete genomes of viruses today available.
In a second investigation focused on the important viral family of herpesviridae we perform a search of RNA secondary structures by using RNAz [18] . This is a computer program based on thermodynamic and comparative genomic indicators. It has been used to detect evolutionary conserved RNA secondary structures in several organisms [19] . We apply it to a large number of complete genomes of herpesviruses and search for candidate RNA secondary structures detected in coding and noncoding conserved genome regions.
The paper is organized as follows: In Section 2 we illustrate the data set we investigate. Section 3 discusses the method we use to search RNA secondary structures. In this section a detailed discussion is done about the limits of validity of random null hypothesis used to point out the predicted RNA secondary structures. Section 4 presents the results about the predicted RNA secondary structures detected in the investigated viruses when they are grouped according to their type of nucleic acid. Section 5 presents the investigation performed with the RNAz program in the family of herpesviruses and Section 6 briefly concludes. 4 bp and a limited number of long segments. An overview of the length heterogeneity of considered segments is obtainable from Fig. 1 where the ranking plot of the segment lengths is shown. The total number of base pairs of our set of complete genomes is 28,56 Mbp. They include 23,92 Mbp for coding regions, and 4,65 Mbp for noncoding regions. We point out this aspect because our analysis for each virus is performed by distinguishing the detected structures in coding and noncoding regions.
To complete the information about the analyzed set of viral segments, we provide a statistical summary of the CG content of viral segments. This information is provided in Table I . The data reported in the table shows that the average CG content observed in different groups and its standard deviation is not too markedly different in coding and noncoding regions of all considered groups.
III. THE SEARCH METHOD
We detect candidate RNA secondary structures in RNA sequences of the viral segments by computing the minimum free energy structures predicted by the Mfold (version 3.2) software [22] . This widely used software estimates the difference between the free energy of the unfolded state from the one of the folded state of a RNA sequence. Calculations are performed with the temperature parameter sets to 37 degree Celsius for all sequences.
The investigated segments of the complete genomes are scanned with Mfold by using a sliding window of 80 bp moving in steps of 40 bp. Each selected RNA se- quence is folded as a linear RNA sub-sequence. For each obtained value of the free energy ∆G associated with each investigated 80 bp RNA sequence, we estimate a Z-score Z = (∆G− < ∆G shuf >)/std{∆G shuf } by comparing the observed free energy ∆G with the mean value < ∆G shuf > and standard deviation std{∆G shuf } of the free energy computed by performing 100 mononucleotide shuffling of the considered 80 bp RNA sequence. The Mfold algorithm estimates the minimum free energy by adding a negative stacking energy of base pairs (which is stabilizing the secondary structure) and a positive energy term (which is destabilizing the secondary structure) associated with non-complementary bases [22] , i.e. hairpin loops, interior/bulge loops and multiloops. A stabilizing energy contribution comes form the stacking energy between two adjacent base pairs. This is the reason why Workman et al. [23] , and Rivas et al. [24] , have concluded that an appropriate null hypothesis as random RNA sequence should be generated by taking into account the empirically observed dinucleotide frequency.
On the other hand, investigations of RNA secondary structures in the coding region of hepatitis C virus [16] have shown that in members of the Flaviviridae mononucleotide shuffling and dinucleotide shuffling produce free energy values (and therefore Z-scores associated to them) which are remarkably similar. In other words, the use of the computationally more convenient mononucleotide shuffling is providing results compatible with the use of a dinucleotide shuffling in this family of viruses. Supported by this observation we have devised a test to assess whether a mononucleotide shuffling could be used as a good proxy for a dinucleotide shuffling in our investigations. Specifically, we perform a dinucleotide shuffling for the set of 378 largest viral segments. The total length of these largest segments is 22.2 Mbp which amounts to 84% of the total length of the entire viral data set investigated by us. They have 18.9 Mbp of coding regions and 3.3 Mbp of noncoding regions. The dinucleotide shuffling is performed by using the SHUFFLE program included in HMMER 2.2 package [25] . This program shuffles an RNA sequence while preserving both mononuclotide and dinucleotide composition exactly. It uses the Altschul and Erickson algorithm [26] . To limit computer time we estimate the relation between the Z-score obtained by considering a mononucleotide shuffling and the Z-score obtained by considering a dinucleotide shuffling only for the sequences characterized by a mononucleotide Z-score smaller than -2. The results of our extensive test are shown in Fig. 2 . The figure clearly show that the mononucleotide shuffling is a good proxy of the dinucleotide shuffling in the large set of investigated viral segments. For this reason in the rest of this paper we will use the Z-score computed by using a mononucleotide shuffling of the investigated sequences.
IV. RNA SECONDARY STRUCTURES IN DIFFERENT GROUPS OF VIRUSES
For each RNA sequence of 80 bp we compute the optimal secondary structure according to the Mfold software and we associate to each RNA sequence a Z-score. The lower is the obtained Z-score the lower is the probability that the considered folding occurred by chance. By performing our large scale investigation, we systematically find a number of secondary structures characterized by a low value of mononucleotide Z-score.
To focus on a well defined part of the secondary structures, for each computed RNA structure of minimum free energy, we identify all hairpin structures (HSs) that are present in each structure. Here we present results on HSs which have a stem length ranging from 6 to 40 bp. This is done both for real segments and for the corresponding We first analyze the number of HSs observed in real and random sequences by conditioning on the Z-score value associated with the folding of the RNA sequence. The number of HSs observed in RNA sequences characterized by a Z-score smaller then -2, -2.5, -3, -3.5, -4, -4.5 and -5, is given in Tables II. Results are summarized separately for coding and non-coding regions. Our data clearly indicate that the number of HSs detected in the real viral segments is much higher than the one observed for the corresponding null hypothesis obtained for random segments generated with mononucleotide shuffling of real data. A higher number than the one expected under the null hypothesis is observed both in coding and in non-coding regions. This feature is more pronounced when we condition the analysis to RNA sequences characterized by low values of the Z-score. In fact, the lower is the mononucleotide Z-score the larger is the HS-ratio of number of HSs observed in the native segments to the number of HSs observed in the random segments. This result is much more pronounced in noncoding than in coding regions. In fact when we condition the analysis to RNA sequences with Z-score smaller than -5 we observe a ratio of 8.0 in the coding regions whereas we observe a ratio of 63 in noncoding regions. In summary HSs are much more abundant in viruses than expected under 
the Z-score of each investigated 80 bp sequence. For comparison we also report the number of HSs detected in random sequences obtained by mononucleotide shuffling of the real ones. The HS-ratio is the ratio between the number of HSs detected in real data and the number of HSs detected in random sequences. source region group Z < −2 Z < −2.5 Z < −3 Z < −3.5 Z < −4 Z < −4. The results summarized in Table II for the complete group of viral segments can be analyzed in more detail in terms of the 4 groups we use to classify the investigated viruses. Several investigations of ssRNA viruses such as the hepatitis G virus [15] or the hepatitis C virus [16] and virus of the family Flaviviridae [17] have concluded that RNA secondary structures are present in the coding regions of these viruses and some of them are also evolutionary conserved. It is therefore of interest to check our set to discriminate whether the detected secondary structures which are present in coding regions are present in ssRNA viruses or if they are also present in different group of viruses. In Table III we summarize the HS-ratio for the 4 groups we use in our classification, namely ds-DNA, dsRNA, ssDNA and ssRNA. The Table shows that the HS-ratio of ssDNA or ssRNA segments is higher than the one observed for dsDNA or dsRNA segments. In the Table we indicate with the symbol −− the case when the ratio is computed with a number of HSs detected in the real or shuffled segments smaller than 10. In other words these values have associated a large error in the estimation of the HS ratio and therefore we will not show them. The analysis of the Table shows a different behavior of the groups of viruses with respect to coding and noncoding regions. Specifically in noncoding regions the values of the HS-ratio are significantly higher than in coding regions. For example when Z < −4 in the coding regions of dsDNA viruses (the group where the best statistics is achieved due to the fact that these viruses are characterized by long genomes) we observe a HS-ratio equals to 3.02 whereas in noncoding regions the HS-ratio is equal to 16. A significant difference is also observed inside the same region (coding or non coding) when we distinguish among the different groups. For example when Z < −3.5 in coding regions dsDNA are characterized by a HS-ratio of 2.47 whereas ssRNA have a HS-ratio of 6.49. The other groups of dsRNA and ssDNA have intermediate values. Similarly in noncoding regions dsDNA are characterized by a HS-ratio of 9.11 whereas ssRNA have a HS-ratio of 12. Table III shows that in coding regions of ssRNA and ssDNA viruses present a HS-ratio which is significantly higher than the one observed in dsDNA and dsRNA viruses. It is known in the literature that RNA secondary structures with known or potential biological role are present in the coding regions of ssRNA viruses [15, 16, 17] .
It is worth noting that the HS-ratio in dsDNA and dsRNA viruses is however significantly larger than one. This is an indication that the RNA secondary structures where these HSs are located might also have a potential biological role. Just to provide a comparative evidence that these values are significantly higher than one we have performed our analysis on one chromosome of a model organism. Specifically we have investigated chromosome V of the C. elegans. When we perform our analysis on the coding regions of this chromosome we obtain the following values for the HS ratio: 1.17 when Z < −2, 1.22 when Z < −2.5, 1.16 when Z < −3, 1.10 when Z < −3.5, 1.10 when Z < −4, 1.62 when Z < −4.5 and 1.86 when Z < −5. It is worth noting that noncoding regions of the chromosome V of the C. elegans also present high values of the HS-ratio. In fact when we perform our analysis on these regions we obtain 2.41 when Z < −2, 3.32 when Z < −2.5, 5.05 when Z < −3, 7.75 when Z < −3.5, 13.6 when Z < −4, 20.8 when Z < −4.5 and 38 when Z < −5. The analysis of the HS-ratio values obtained in coding and noncoding regions of the chromosome V of the C. elegans shows that the HS-ratio values obtained in coding regions are significantly smaller than the ones we have observed for the dsDNA and dsRNA viruses. This observation has motivated us to search for the presence of conserved RNA secondary structures in dsDNA viruses. III: HS-ratio for coding and noncoding regions of all viral segments conditioned on the Z-score value of the investigated sequence. We summarize the results also by grouping the viral segments according to their nucleic acid. The HS-ratio is not shown when the number of detected HSs is smaller than 10 in real or random data. source region group Z < −2 Z < −2.5 Z < −3 Z < −3.5 Z < −4 Z < −4. The herpesviridae are a family of large encapsulated DNA viruses. Herpesvirus genomes are circular or linear dsDNA up to approximately 250 kb in length containing approximately between 70 and 220 genes. The herpesviridae are divided into three subfamilies: alpha, beta, and gamma herpesviruses [27, 28] according to their host range, cytopathology, and molecular phylogenetic analysis. All three groups have been found in primates including humans.
We analyze here 21 completely sequenced genomes of herpesviruses and 1 large fragments. The herpesvirus genomes were downloaded from GenBank in July 2007 from the website [20] . The set consists of 13 alpha herpesviruses, 3 beta herpesviruses and 6 gamma herpesviruses. The phylogenetic information about these viruses we use in our analysis is derived from McGeoch et al. [29] and Davison et al. [30] . In our analysis, we cluster herpesvirus genomes in 6 subgroups according to their genera (alpha-1, alpha-2, alpha-3, etc., for details see Table IV) .
Specifically, we investigate 6 subgroups of genomes, each containing between 3 and 5 viral genomes. The analysis is performed as follows. We use a modified version of the Multiz-Tba package [31] to generate a wholegenome alignment for each of the 8 groups of genomes. The Tba program uses a phylogenetic tree and the corresponding sequences as inputs, and outputs the resulting whole-genome alignment. High sequence conservation is not strictly needed for biological function of RNA secondary structures [32, 33] and therefore, we consider both medium and highly conserved genome regions in our analysis.
We use RNAz (version 1.0) [18] to detect consensus secondary structures for each of the above described herpesvirus groups. Alignments are sliced in overlapping windows of size 120 and steps of 40 nt. Each series of windows starts at the beginning of a TBA block. All the sequences with gap-content greater than 25% of gaps are discarded from the alignment before analysis. Furthermore, we discard all sequences with masked letters content greater than 10%. This criterion is used for excluding repeat sequences marked by RepeatMasker [34] .
RNAz is currently limited to analyze alignments up to six sequences. Finally, we use RNAz to analyze both the forward and the reverse complement sequences.
This kind of analysis might produce a certain number of false positive RNA secondary structure. We estimate the expected number of false positive by performing the following procedure. We use the program rnazRandomizeAln to shuffle the positions in an alignment. This shuffling removes any correlations arising from a native secondary structure and produces random alignment of the same length, the same base composition, sequence conservation, and gap patterns. The procedure is conservative providing a number of false positive higher than the one expected under a simpler random null hypothesis [18] . This procedure therefore gives us an estimate of the false-positive rate expected for a specific input alignment. The program tries to maintain local conservation pattern by shuffling only columns of the same degree of conservation, i.e. by shuffling the columns which show the same mean pairwise identity. We therefore repeat the complete analysis with randomized alignment blocks.
Sequence similarities between the species belonging to the same subgroup are mapped and used to determine the level of genome conservation between the viruses. A relatively high number of similar regions are conserved within genera and much lower number conserved among members of different genera. According to the sequence comparison method used, the alpha-1 and alpha-3 herpesvirus groups clearly share more coding regions (CDS) with detectable sequence homology than the other groups. We observe that the percentage of conserved CDS within alpha-1 herpesvirus generis is close to 94% (see Table IV ). Note that the percentage reported in the table is computed on conserved region length without removing gaps or insertions. This percentage is ranging be- tween 80% and 89% for alpha-3 herpesvirus group. The gamma-2 generis has the lowest number of conserved coding regions. Only approximately 40% of the total coding regions are conserved. We also estimate the percentage of conserved noncoding regions between the genomes within genera. For example, within the gamma-2 group, approximately 2% of the noncoding regions are conserved. The alpha-1 group contains the highest percentage of conserved noncoding regions.
The aim of our study is to select evolutionarily conserved motifs in subgroups of the Herpesviridae family. The threshold value we use for the "RNA class probabilities" is P=0.9 [18] . This is a rather stringent threshold value and it is useful to enhance the quality of the prediction. We observe that the number of conserved structures varies between herpesvirus subgroups. We find several conserved secondary structures in the coding regions of the gamma-1, beta-1A, alpha-1 and alpha-3 herpesvirus groups. In particular, in the coding region of the gamma-1 group we detect 29 conserved structures (see Table V ). In the coding regions of beta-1A group we detect 25 conserved structures and 19 and 15 in the coding regions of the alpha-1 and alpha-3 herpesvirus groups respectively. In coding regions of dsDNA viruses we therefore observe a number of conserved RNA secondary structures which have a potential biological role. The presence of evolutionary conserved RNA secondary structures is therefore not limited to ssRNA viruses.
We have extended our investigation on evolutionary conserved RNA secondary structures to the conserved non coding regions which are present in the 6 genera of investigated herpesviruses. Our investigation shows that, in this case, we observe only a small number of conserved structures in the noncoding regions. For example, the number of the conserved structures in the noncoding regions of the alpha-1 herpesvirus subgroup is only 3 (see Table VI ), in spite of the fact that this group has a relatively high percentage of conserved NCRs.
To assess whether the detected conserved RNA secondary structures have a known biological role, we compare all the conserved RNA structures with the sequences of the Rfam Database [35] and of the miRBase Database [36] 
VI. CONCLUSION
Our study shows that in viral genomes the hairpin structures of RNA secondary structures are more abundant than expected under a simple random null hypothesis. The random null hypothesis we use is admittedly simple but we have verified that it is a reliable proxy of the most accurate null hypothesis based on dinucleotide shuffling for the set of genomes we investigate. The detected hairpin structures of RNA secondary structures are present both in coding and in noncoding regions for the four groups of viruses we investigate in our comprehensive study. For all groups hairpin structures of RNA secondary structures are detected more frequently than expected for a random null hypothesis in noncoding rather than in coding regions. Differently from our previous results reported in [13] , we observe that the detected hairpin structures are preferentially located in the noncoding regions. Therefore an approach based on combinatorial considerations such as the one of Ref. [13] and a thermodynamically based approach like the present one lead to a different conclusion.
The amount of excess observed in coding regions is also of interest. This excess is in agreement with recent observation of the presence of evolutionary conserved RNA secondary structures detected in ssRNA viruses as the hepatitis G virus [15] , the hepatitis C virus [16] and viruses of the family Flaviviridae [17] . Our results indicate that this conclusion is not valid only for ssRNA viruses but rather a similar behavior should also be observed for other groups of viruses such as, for example, dsDNA viruses. To support this conclusion we have performed with the program RNAz a search of the evolutionary conserved RNA secondary structures in conserved coding and noncoding regions of a large set of complete genomes of herpesviruses. We detect a significant number of evolutionary conserved RNA sequences in conserved coding regions of herpesviruses while only a few structures are detected in conserved noncoding regions. In summary a large number of potential RNA secondary structures are predicted both in coding and noncoding regions of all groups of viruses with a clear preference for a location in noncoding regions. However, at least in herpesviruses, the degree of evolutionary conservation of these structure is more pronounced in coding than in noncoding regions.
